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Objectives:

In this study the canonical wall-to wall geometry of a flat plate with rounded leading and trailing edge and pitching
motion defined by the AIAA Fluid Dynamics Technical Committee’s “Low Reynolds Number Aerodynamics
Discussion Group”, chaired by Dr. Michael OL of AFRL Air Vehicles Directorate, is employed. This unsteady
pitching plate problem is “classical” in the sense of being comparable to results in the literature, but prescribes very
high dimensionless transient rates and low Reynolds number, which makes the results applicable to MAVs and
pushes the current state of the knowledge and measurement technology through new and unique velocity field
measurements. Specifically the objectives of this 12 month study were to:

1. Develop and optimize the optical tomographic recording geometry; develop and implement the 3D
tomographic calibration target; determine tomographic reconstruction precision and experimental
uncertainty.

2. Set-up and calibrate tomographic PIV (Tomo-P1V) to measure instantaneous 3C-3D flow field of pitching
motion.

3. Perform phase-locked Tomo-PIV image data acquisition of low Reynolds Number flow around a pitching
plate with a ramp time history.

4. Perform Tomo-PIV image reconstruction and 3C-3D PIV analysis of the 3D reconstructed particle data to
extract 3C-3D velocity fields.

Status of effort:

The objectives stated above were achieved and the results of this study have been reported in three conference
papers. However, this study also found that the flow adjacent to the surface of the pitching plate was exceedingly
difficult to measure with Tomo-PIV with acceptable accuracy. The main reason for this lack of success in applying
Tomo-PIV to the measurement of flow adjacent to moving walls it the limited optical recording geometries that are
possible in water tunnel based experiments due to the necessity to use large prisms to minimize distortions which a
re a consequence of the water —perspex-air interface. Nevertheless, the 3D instantaneous wake structure is amenable
to 3C-3D Tomo-PIV measurements and the majority of the effort was channeled toward this aspect of the transient
ramp pitching motion of the flat plate. The details of these studies can be found in the three papers attached to this
report.

Abstract:

Unsteady aerodynamics in the low Reynolds number domain is of great interest in applications to Micro Air
Vehicles (MAVs), especially with respect to flow over, and in the wake of, pitching aerofoils. The massively
separated flow over the upper surface of the pitching aerofoil allows for the production of large transient peaks of
lift at this scale. This study extends our previous work to multi-dimensional (3D), multi-component (3C)
measurements of this phenomenon by using Tomographic Particle Image Velocimetry (Tomo-PIV). For this purpose
the three-component, three-dimensional (3C-3D) velocity fields in the wake of a flat plate undergoing a pitch-hold-
return motion is investigated. The experiments are conducted in a water tunnel at a Reynolds number of 7,500 and a
dimensionless pitching rate of K, = 0.93. The instantaneous and phase averaged evolution of the trailing edge
vortices is investigated, highlighting the three-dimensional organisation of the coherent vortex structure and its
spanwise variation. These experiments represent the first effort in the 3C-3D velocity field mapping of a flat plate
undergoing a pitch-hold-return motion. Further optimization of the Tomo-PIV experiments is necessary to extract
the full details of the complex vortical flow structure. It has become apparent from this study that the three-
dimensional flow structure observed in this nominally 2D “infinite” flat plate is quite different to flow visualizations
of unsteady flapping airfoil of low aspect ratio, which suggests that the more relevant case of a low aspect ratio flat
plate undergoing a pitch-hold-return motion is a more relevant candidate for a Tomo-PIV study and should be
pursued in any future investigation.
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Multi-component, Multi-dimensional PIV Measurements of
a Flat-Plate Pitching Motion

N.A. Buchmann®, A-J. Buchner’, K. Kilany*, C. Atkinson* and J. Soria.?

Laboratory for Turbulence Research in Aerospace and Combustion (LTRAC)
Department of Mechanical and Aerospace Engineering
Monash University (Clayton Campus), Melbourne, VIC, AUSTRALIA

Unsteady aerodynamics in the low Reynolds number domain is of great interest in
applications to Micro Air Vehicles (MAVs), especially with respect to flow over, and in the
wake of, pitching aerofoils. The massively separated flow over the upper surface of the
pitching aerofoil allows for the production of large transient peaks of lift at this scale. This
paper extends our previous work' to multi-dimensional (3D), multi-component (3C)
measurements of this phenomenon by using Tomographic Particle Image Velocimetry
(Tomo-PI1V). For this purpose the three-component, three-dimensional (3C-3D) velocity
fields in the wake of a flat plate undergoing a pitch-hold-return motion is investigated. The
experiments are conducted in a water tunnel at a Reynolds number of 7,500 and a
dimensionless pitching rate of K, = 0.93. The instantaneous and phase averaged evolution of
the trailing edge vortices is investigated, highlighting the three-dimensional organisation of
the coherent vortex structure and its spanwise variation.

I. Nomenclature

U, = Free-stream velocity

c = Chord of pitching plate

v = Kinematic viscosity

p = Density

Re = Reynolds number, Re= U,c/v

0 = Pitch angle

de/dt = Pitch rate or angular velocity

Ke = Non-dimensional angular velocity ratio, K.= dé/dt c¢/2U.,,
t = Time

T = Motion period, T = 1 second

I1. Introduction

HIS paper presents the experimental method and results of an investigation into the canonical problem of a flat

plate pitching about the half-chord position in a low Reynolds number flow. Understanding of unsteady and
transient aerodynamics has, in the past, been mainly applied to manoeuvre and gust response as well as dynamic
stall. Previously, these applications have dictated investigations primarily to high Reynold’s number domains (i.e.,
>10°). However, more recently there have been efforts in extending this knowledge of transient aerodynamics to the
low Reynolds number regime for application in biomimetic inspired Micro Air Vehicle (MAV) concepts. Previous
work®® has concluded that at small scales it becomes necessary to use separation induced leading edge vortices in
the production of lift and thrust. They have further shown that vortices are produced readily via either a pitching or
heaving motion of the lifting surface, or a combination of the two movements. For example, such a pitch-heave
motion was observed to increase propulsion efficiency of swimming fish by up to 85%>.

! Research Fellow, LTRAC, Dept. of Mech. And Aerospace Eng., Monash Univ, VIC, AUS, AIAA Member
* Graduate Research Student, LTRAC, Dept. of Mech. And Aerospace Eng., Monash Univ, VIC, AUS, AIAA
Student Member
2 professor, LTRAC, Dept. of Mech. And Aerospace Eng., Monash Univ, VIC, AUS, AIAA Member
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Under these rapidly transient conditions, conventional aerodynamic models are no longer applicable and the
current understanding of the unsteady phenomena in such flows is limited. For example, the relative importance of
coherent motion in the structure and dynamic of these flows remains still unclear. To overcome these difficulties, a
suitable canonical problem is investigated in the form of a linear pitch-hold return motion of a flat plate with
rounded edges and infinite span. At high dimensionless pitching rates and low Reynolds numbers, this problem is
applicable to MAVs, as well as being a ‘classical’ problem, in the sense that it can be compared to results from
literature.

Flow around a flat plate has been studied extensively in the past. At zero angle of attack, the wake formed behind
the body assumes a symmetrical time-averaged mean pattern, with the instantaneous flow being characterised by
periodic coherent patterns resulting from vortex shedding®. In these cases, flow separation occurs at the leading and
trailing edge, with two alternating shear layers of opposite sign rolling up into large scale vortices, which are shed
into the wake in form of a vortex street.

Early experiments investigating the effect of time varying pitching motion reported the production of a normal
force vector with fluctuating thrust and lift components depending on the instantaneous angle of attack®.
Furthermore, OF° investigated the sensitivity of leading and trailing edge vortex structures to variations in pitch pivot
point, and pitch rate. The former was found to have a significant effect mainly on the formation of the leading edge
vortex and its size while the latter tends to produce a tighter leading edge vortex if increased. Furthermore, at higher
dimensionless pitch rates, a counter-rotating vortex pair dominates the trailing edge vortex structure whilst at lower
rates the flow field tends to exhibit a stream of smaller vortices with less domination by any particular structures.
Both the trail of smaller vortices, and the larger counter-rotating pair were also observed in the stereoscopic PIV
investigation of Kilany et.al.’. Under these conditions the leading edge vortex has a tendency to be more diffused
and of lower peak vorticity than an equivalent vortex produced at the trailing edge at the same axial location®.

A. Multi-component, Multi-dimensional Measurement Techniques

This paper extends the work of Kilany et al.' to investigating the three-dimensional, three-component (3C-3D)
velocity field in the wake of a flat plate undergoing a rapid pitching motion. With the advent of non-invasive,
instantaneous whole-field measurement techniques such as Particle Image Velocimetry (PIV), it is now possible to
conduct detail 3C-3D measurements of the flow field around the pitching plate and the production of leading and
trailing edge vortices.

In the past, several methods have been proposed to obtain a three-dimensional version of the PIV techniques and
are extensively reviewed by Arroyo and Hinsch®. One technique that enjoys wide popularity is Stereo-PIV? as it
readily facilitates the measurement of the three-component velocity field on a single plane (3C-2D). While the 3C-
2D Stereo-PIV system only provides six of the nine components of the velocity gradient tensor necessary for a
complete description of the flow field, it can be extend to a full 3C-3D system by multi-plane Stereo-PIV*! or a
scanning light sheet (SLS) technique'. The relatively simple experimental setup, typically composed of a continuos
laser light source, a rotating prism for the scanning mechanisms and a high-speed CMOS camera have lead to range
of application of this techniques in the past. Although, the SLS allows high in-plane resolution, the method performs
best for relatively slow flows and as such is mainly used in water flow applications with velocities below 100mm/s.

An instantaneous measurement of the 3D particle motion by means of digital imaging can for example be
obtained by 3D Particle Tracking Velocimetry (PTV)" or defocusing PIV*. Both of these methods require the
detection of individual particle images in the 3D object space, which with the current algorithms can be performed
accurately, but only for a relatively low particle concentration, thus limiting the spatial resolution of these methods.
Another technique suitable for 3C-3D PIV measurements is tomographic digital in-line holography®® which is well
suited for high spatial resolutions, but limited to small measurement domains due to the limited size of the digital
recording array.

A more recent and increasingly popular 3C-3D technique is tomographic PIV (Tomo-PIV)'®. This method does
not require the detection of individual particles and is based on the simultaneous recording of the illuminated
seeding particles within a 3D light volume along several observation directions similar to stereo-PIV. The recorded
light intensity distribution is reconstructed over a three-dimensional array of voxels, yielding the three-dimensional
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light distribution, which is analogue to the traditional digital PIV image. The 3D light volume is then analysed by
means of 3D cross-correlation to determine the corresponding 3C-3D instantaneous velocity field over the entire
measurement volume.

I11. Principle of Tomographic PIV

This section gives a brief overview of the tomographic PIV technique and the volume reconstruction technique
used in this work. A more complete description of the Tomo-PIV technique is available in Elsinga et al.*® and
Atkinson and Soria'’. In Tomo-PIV, the seeded flow is illuminated with a thick laser light sheet and the 3D intensity
distribution of the tracer particles is determined and subsequently cross-correlated to yield the 3C-3D velocity field.
This process requires the reconstruction of the 3D intensity distribution from multiple instantaneous camera views
via algebraic tomographic reconstruction techniques as illustrated in Figure 1. To date, the most commonly used
technique is the multiplicative algebraic reconstruction technique (MART)™, which is well suited for the limited
number of views typically available in fluid experiments and compared with other algebraic reconstruction
techniques, provides better reconstruction quality in fewer iterations'®. However, the MART algorithm requires long
reconstruction times and large computer memory allocations, which to some extent impede the application of Tomo-
PIV as a routine tool for experimental investigations

For example, the number and size of the reconstructed volumes is generally limited by the computational
demand and storage required to perform each reconstruction. Reconstructions times for a single volume of 730 x 730
x 184 voxels, using the MART algorithm have been quoted at approximately 1h of computer processing time per
volume object™®, while reconstruction of larger volumes (e.g., 3,512 x 2,562 x 500 voxel) can require up to 34h on
a single dual-core processor®’. For 16-bit intensity fields, this corresponds to reconstructed volume file sizes in the
order of 200 MB and 10 GB for small and larger volumes, respectively. This imposes a significant restriction on the
applications of Tomo-PIV in terms of data processing and storage and typically limits Tomo-PIV to low resolutions
and small sample sizes.

Figure 1. Schematic of multi-camera algebraic reconstruction technique used in Tomo-PIV. Filled voxels
represent particle locations required to satisfy the filled pixels in each CCD recorded projection.

A. MLOS-SMART Technique

An alternative and more time efficient method to the above MART reconstruction is the multiplicative line-of-
sight simultaneous multiplicative reconstruction technique (MLOS-SMART) proposed by Atkinson and Soria'’.
Considering that for a typical PIV experiment only 10-15 particle pairs per interrogation region are sufficient to
obtain a valid displacement estimate?, the resulting volume fraction of the reconstructed particles is less than 5%.
This means that approximately 95% of the reconstructed volume will have a negligible intensity and can be
excluded from the reconstruction process, thus reducing computational and data storage requirements. The MLOS-
SMART technique takes advantage of this concept via a multiplicative line of sight (MLOS) approach to isolate the
expected non-zero points from the reconstruction volume. This results in an initial estimate of the 3D particle
intensity distribution, which contains the approximated particle intensities, but also ghosts particles due to the non-
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uniqueness of the camera projections. In order to reduce the intensity of the ghost particles, the MLOS estimation is
followed by an iterative voxel correction in the form of the simultaneous multiplicative algebraic reconstruction
technique (SMART), which is only performed on the non-zero voxels. The SMART technique is based on the same
principles as the MART technique and the only difference is the method by which the correction is determined (see
Atkinson and Soria'” for more details). Following the volume reconstruction, the 3D particle intensity fields are
evaluated with a 3D spatial cross-correlation routine®” to determine the instantaneous 3C-3D velocity fields.

The most important limiting factors in Tomo-PIV are the extent of the measurement volume in the third
direction (i.e., depth) and the required laser power for volume illumination, which can be 5-10 times larger than for a
stereo-PIV experiment. Furthermore, the accuracy of the reconstruction process depends upon several factors among
which the most important are the number of independent viewing directions and the particle seeding density.
Simulations by Atkinson and Soria*’ for a 4 camera Tomo-PIV setup with a 0.05 particle per pixel (ppp) seeding
density, show an acceptable accuracy of the MLOS-SMART technique after 40 iterations compared to the
traditionally used MART reconstruction with 5 iterations. Moreover, when using MLOS-SMART, the required
reconstruction reduces by almost one magnitude and the total memory requirements reduce by a factor of 15,
constituting a significant improvement in computational efficiency.

IV. Experimental Apparatus and Methodology

A. Water Tunnel and Pitching Plate Apparatus

The experiments are conducted in the horizontal water tunnel located at the Laboratory for Turbulence Research
in Aerospace and Combustion (LTRAC). The tunnel has a length of approximately 5000mm with its cross-section
measuring 500mm x 500mm and is shown schematically in Figure 2(a). The experiments are conducted
approximately 4000mm downstream of the contraction (10:1) where the free-stream turbulence level is less than
0.5% and the velocity profiles are uniform across the width of the test section®.

A carbon fibre flat plate with rounded edges, chord length 100mm, span 470mm and thickness of 2.3mm is used
for the current experimental investigation. The flat plate is dimensionally similar to that used by OI° and chosen to
minimise blockage effects at the maximum pitch angle. The transient pitch-hold-return motion of the flat plate is
shown in Figure 3 and characterised by the non-dimensional velocity ratio:

de c
Ke="5t 2. )
where d@/dt is the constant angular velocity of the flat plate, U, the free-stream velocity and c the chord length. The
Reynolds number is defined as Re = U.c/v and the velocity, length and vorticity scales are non-dimensionalised by
the free-stream velocity, the chord length ¢ and the ratio ¢/ U.,, respectively. A summary of the current experimental
parameters is given in Table 1, which are identical to those used previously by Kilany et al. *.

Table 1. Experimental parameters.

Parameter Quantity
c 100mm
U, 75mm/s
0 0-40
Re 7,500
K. 0.93
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PITCHING PLATE &
STEPPER MOTOR

5x PCO4000
CAMERAS ‘

20°

(b) (© (d)

Figure 2. Experimental Setup: (a) Closed circuit horizontal water tunnel; (b) Schematic of the optical arrangement
showing the 5 digital cameras, viewing prisms, measurement volume and flat plate geometry; (c-d) details of the
camera setup and pitching mechanism.

40

30 4

20

i

Figure 3. Measured pitch angle of the flat plate as a function of t/T. (a) t/T = 0.24, (b) /T = 0.47, (c) t/T =
0.77, () /T =1.0, (e) /T =1.5, () /T = 2.5 with T = 1sec.

The flat plate pitches around half chord (i.e., ¢/2) and is mounted vertically in the test section as shown in Figure
2(b-d). A coordinate system anchored on the half-chord at mid-span is employed denoting the streamwise, lateral
and spanwise direction with x, y and z, respectively. A stepper motor mounted directly above the test section as
indicated in Figure 2 generates the pitch-hold-return motion at a resolution of 80,000 steps per revolution with a
torque of 1.6Nm. The motion of the stepper motor is accurately controlled using an in-house motion control program
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stored on a Motion Architect AT6400 multi-axis motor controller. This enables the desired motion sequence to be
defined, in which the plate pitches linearly to a maximum pitch angle of 6= 40’, holds for 0.05 t/T and returns to its
zero position before waiting 20 time periods (T = 1sec) prior to repeating the motion cycle. Figure 3 depicts this
motion sequence as measured by the angular displacement encoder mounted at the top of the flat plate.

B. Optical Setup

The 3C-3D measurements are conducted in a volume located at the mid-span of the plate and aligned with the x-
y coordinate system. The Tomo-PIV setup consists of five PC0O.4000 digital CCD cameras (4008 x 2672 pixel?,
16bit), equipped with 105mm focal length lenses and arranged in an angular configuration of 0°, +30°" and +50° as
shown in Figure 2(b). Water filled viewing prisms are attached to the tunnel sidewalls to reduce the optical
distortions created by the air —water interface. Additionally, the Scheimpflug condition is imposed for each camera
to maximize the image focus throughout the measurement volume. A summary of the Tomo-PIV parameters is
given in Table 2.

The flow is seeded with 54um nylon spheres (p = 1.01g/cm®) and illuminated with a 240mJ pulsed, dual-cavity
Nd:YAG laser. A cylindrical diverging lens is used to shape the beam into an approximately 14mm thick light sheet,
which is passed through a slit to trim the lower intensities at the edges to provide a more even illumination of the
measurement volume. The light sheet is introduced into the test section through a mirror located in the center of the
tunnel and downstream of the test section. The time separation, At between the two exposures is 6ms yielding a
mean particle displacement of approximately 12 pixel or 0.48mm. Due to the lower laser light intensity per unit
volume, larger seeding particles are required to provide adequate scattering intensity to each CCD array. The
seeding density is adjusted to approximately 0.01ppp and the data acquisition is synchronized to the plates’ pitching
motion

The cameras are calibrated using the method described by Soloff et al. 2. A calibration plate consisting of black
dots on white background is traversed through the measurement volume from z = -6mm to z = +6mm in steps of
1mm and an uncertainty of 5zm. A volume self-calibration analogous to that of Wieneke?* is also applied to reduce
the calibration error of approximately 10 pixels to below 1 pixel.

Table 2. Parameters of the Tomo-PIV system

Parameter Quantity

Tomo-PIV setup  Cameras 4008 x 2672 pixel?, 16bit
0, +30"and +50’

Laser Nd:YAG, 240mJ

Flow seeding 54,m nylon spheres, (p = 1.01g/cm?)
Imaging Magnification 0.26
properties Resolution 25 pixel/mm

FOV (Sxx Sy x S,) 3500 x 2250 x 350 pixel®

130 x 90 x 14 mm?®
1.3x09x0.14c

Lens aperture (f#) 11
Particle image diameter = 2.3 pixel
Depth of field =~ 12mm
Separation time 5ms
Max. displacement 12 pixel
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C. Tomographic PIV Analysis

The recorded images are pre-processed to remove the background intensity as required by the MLOS-SMART
algorithm and to eliminate background and CCD noise. The image processing involves background subtraction,
followed by band-pass filtering and Gaussian smoothing to equalize the particle intensities across the image and
between cameras. Subsequently, volume reconstruction is performed with 10 iterative corrections of the MLOS-
SMART technique and an initial solution and relaxation parameter of unity. The particle intensities are
reconstructed in a volume of size 3500 x 2250 x 350pixel®. The corresponding physical dimensions are 130 x 90 x
14mm? (or 1.3 x 0.9 x 0.14 chords) with a pixel-to-voxel ratio of approximately 1:1 and a discretisation of 25
pixel/mm.

The velocity fields are calculated with an in-house developed multigrid multi-pass FFT-based cross-correlation
algorithm®. Interrogation volumes of 64° voxels (= 2.56mm) with 50% overlap are used to provide fields of 98 x 65
x 9 vectors. The calculated vectors are validated with a normalised local median filter> and a maximum
displacement limit. Invalid vectors are replaced with a mean vector interpolation, which typically account for less
than 2% of the total vector count. Prior to the data visualization, the velocity fields are filtered by convolution with a
3x3x3 Gaussian kernel (o = 1) to suppress noise fluctuations in the velocity gradients?®*’. Note that the filter kernel
is equal to the interrogation window size and as such the spatial frequency response remains unaffected.

As mentioned before, the procedure involving volume reconstruction and 3D cross-correlation is
computationally expensive, requiring approximately 10h and 6GB RAM memory for a single instantaneous velocity
field on a single core 2.8 MHz Intel processor. The memory required for storing a single volume pair at 16bit
amounts to approximately 10GB compared to the initial 140MB of the recorded images. The total memory
requirements to reconstruct, analyse and store the 105 instantaneous velocity fields employed in this study are in
excess of 1TB. Even though for a small sample size only, this clearly highlights the dramatic increase in processing
power and data storage requirements needed for such 3C-3D Tomo-PIV flow studies.

V. Previous Stereoscopic PIV Measurements

To describe the large-scale flow field around the pitching plate this section presents a short summary of our
previous stereoscopic PIV measurement and related work under similar flow conditions to those employed in this
study (i.e., K. = 0.93, Re = 7,500). The experimental procedure is similar to that used in this study and a more
detailed description can be found in Kilany et al.".

Figure 4 provides a comparison of the phase averaged vector fields and spanwise vorticity contours with flow
visualization data obtained from OI° for K = 0.7, Re = 10,000. As a result of the pitch-up and pitch-down motion, a
number of small, counter rotating vortical structures peal off the trailing edge and quickly coalesce into more
coherent larger vortices, which are convected downstream. The leading edge vortex is formed during the pitch-down
maneuver and travels downstream towards the trailing edge along the upper surface of the flat plate and is mainly
responsible for lift production®. Although for a slightly different set of flow parameters, the comparison with the
flow visualization data reveals a good agreement, particularly for the shear layer and the counter-rotating vortex
pairs shed from the trailing edge.

Furthermore, at lower dimensionless pitching rates and Reynolds number (K. = 0.2, Re = 1,000), Eldredge et. al.’
observes a merging of the trailing and leading edge vortex regions while at higher dimensionless pitching rates
(similar to the one used in this work) more distinctly separate structures are reported. The size and structure of the
trailing edge vortices from our previous stereo-PIV also compares favorable with the above work for the range of
selected flow parameters.

The novelty of the present work is the extension of the current data set and knowledge base by performing multi-
component, multi-dimensional velocity field measurements. Unlike in our earlier stereo-PIV measurements, the
geometric considerations required for such a complex multiple camera setup prevented 3C-3D measurement in the
direct vicinity of the pitching plate. Therefore, and as a first step towards multi-component, multi-dimensional flow
measurements of such complex flows, this work will only study the instantaneous and phase averaged 3C-3D flow
structure in the wake of the rapidly pitching plate.
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VI. Results and Discussion

A. Phase Averages

The extension of the stereo-PI1V results into three dimensions allows the observation of spanwise variations in
the vortical structures. In the following, phase averaged 3C-3D velocity fields, measured at discrete time steps in the
pitch cycle are presented and discussed. Due to computational time limitations, phase averages are only calculated
from 15 instantaneous data sets, however further data processing is still ongoing. The phase averaged flow fields are
useful in determining the periodic nature of the flow structures, without reference to specific stochastic disturbances
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Figure 5. Phase averaged 3C-3D spanwise vorticity fields: (a) t/T = 0.22, (b) /T =0.47, (c) /T = 0.77, (d) t/T =
1.0, (e) /T =1.5, (/T = 2.5.
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and instabilities within the flow that vary from cycle to cycle. Figure 5 demonstrates the structure of the vortices
shed from the plate during the pitching motion in form of 3D vorticity isocontours, projected onto the mid-plane for
better comparison.

At t/T = 0.24, the angular acceleration of the plate has succeeded in producing a region of positive vorticity at the
trailing edge, which are then convected downstream while the trailing edge of the plate continues to produce
positive vorticity up until the plate reaches it maximum angle at t/T = 0.47. Vortices of opposite sign are produced as
the plate rotates back towards its zero position at t/T = 0.77 (Fig. 5(c)) and continue to develop until the completion
of the motion cycle at /T = 1.0. Consistent with previous observations, the vorticity is generated as a succession of
small vortices, which as they convect downstream, coalesce into larger structures (e.g., Fig. 5(¢)). At t/T = 2.5, the
trailing edge structures have moved out of the field of view and the leading edge vortex starts to move into the field
of view from the left. This vortex is of significantly larger size, but less intense than the vortices produced at the
trailing edge.

The wake in Figure 5(a) is indicative of the averaging process introduced by the phase averaging wherein
random structures, which do not occur at each phase, are progressively removed from the dataset. This is
particularly apparent at t/T = 0.24 where the Karman vortex street shed from the trailing edge prior to the
initialization of the motion appears as a steady wake-like structure containing two parallel regions of opposite
vorticity. Conversely, after the end of the motion sequence (/T = 2.5, Fig. 5(f)), the Karman vortex street remains
despite the phase averaging, which indicates a characteristic periodicity of the redeveloping wake. Upon completion
of the motion sequence, the plate always decelerates at the same rate and direction, producing the same sequence of
trailing edge vortices. This leads to the development of a unique Karman street that is started under the same initial
conditions each time, and therefore the first vortex in the street is shed in the same direction each period. This for
example can be seen clearly in Figure 5(e) where the main trailing edge vortices are convected from the trailing edge
and the Karman street has begun to form.

The phase averaged flow fields, shown in Figure 5, exhibit the same general behavior as that observed in the
stereo-PI1V measurements. This confirms the congruency of the experimental setup and flow conditions with those
of Kilany et. al." thus validating the direct comparison of observations made from both data sets.

B. 3C-3D Instantaneous Vortex Structure

Instantaneous 3C-3D velocity fields and vorticity iso-contours at t/T = 0.77, 1.0 and 2.5 are shown in Figure 6-8
where the mean convection velocity has been subtracted for better visualisation. It can be seen that during the return
motion (t/T = 0.77, Fig. 6) a significant spanwise velocity exists, which primarily is associated with each of the
vortical regions produced at the trailing edge during pitch up and pitch down motions. Furthermore, the streamlines
in Figure 6(a) exemplify the actual spiraling motion of the flow in these vortices, a feature that is not readily
apparent in stereoscopic PIV and cannot be measured using planar PIV methods. The out of plane, or spanwise, flow
induced by these vortices is a feature of “vortex stretching”, a necessary phenomenon in order to satisfy continuity
and conservation of angular momentum. The stretching occurs as a result of the finite span of the flat plate and the
deformation of the vortex tube by the boundary layer flow along the test section walls. The lateral flow (i.e., in the
y-direction) between the counter-rotating vortices should also be noted. In these regions, the streamwise velocity
equals the free-stream velocity and a significant ‘downwash’ occurs as a result of the counter-rotating vortices. This
effect is also apparent at t/T = 1.0, at the conclusion of the motion cycle.

At the completion of the pitching motion (/T = 1.0, Fig. 7), the area of ‘downwash’ is accompanied by a
significant increase in spanwise velocity forming a spiral pattern around and through the trailing edge vortex region.
The streamwise flow occurs in both directions and reaches peak values in the order of +10-15% of the mean
convection velocity. It should further be noted that the spanwise velocity component is not constant throughout the
thickness of the measurement volume, as seen by the contour levels on the lower, and right-hand edges of the
volume.

At t/T = 2.5, (Fig. 8), the leading edge vortex has begun to move into the field of view while the trailing edge
structures have convected downstream. There are significant variations and small-scale structures within in the
leading edge vortex, showing that the instantaneous flow fields contain significant stochastic variation. This
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variation occurs not only in-plane but also through the depth of the reconstructed volume. The effect of the
convecting leading edge vortex on spanwise motion is less pronounced than that of the trailing edge structures,
which is a consequence of the more diffuse nature of this vortex, with lower peak vorticity.

Also, there appears to be a relationship between the peak strength of any particular vortex and the induced
spanwise velocity component, but this requires further analysis of the current data sets. Figure 8(b) again
demonstrates the constant periodic nature of the trailing edge von Karman street with respect to the pitching motion
phase. Lastly, it is important to note that the above observations relate to the instantaneous velocity fields and may
differ from phase averaged observations.
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VIIl. Concluding Remarks

Investigations such as those carried out by Parker et. al.22 show the three-dimensionality of flows past a pitching

aerofoil of finite span, but fail to address the existence of three-dimensional structures within the unsteady vortex
sheet produced by a nominally infinite oscillating aerofoil. In employing the same motion profile and conditions as
Kilany et. al.!, the results in this paper were directly compared to their 3C-2D stereoscopic PIV data. The flow
patterns in the wake of the pitching plate, as observed by Kilany et. al.}, were shown here to contain significant
variation in the spanwise dimension as well as exhibiting a spanwise axial flow component indicative of the
presence of vortex stretching as described in Petitjeans and Wesfried®. It is interesting to note that even in the early
investigation of Koochesfahani®, coherent spanwise velocity components were observed in the core of the vortices
produced by pitching aerofoils and that this axial component varied with both amplitude and frequency of the lifting
surface oscillation. In this study it was hypothesised that one of the driving factor behind the phenomenon is the
finite length of the aerofoil and the effect of the no-slip boundary condition on the walls of the water tunnel. The 3C-
3D flow fields provided by the tomographic PIV methods in the present study show these phenomena qualitatively
as well as quantitatively.

In conclusion, this study has provided for the first time preliminary 3C-3D velocity field data of the wake flow
behind a flat plate undergoing a rapid pitch-hold-return motion and has proven the general feasibility of conducting
Tomo-PIV measurements in such complex flows. The results provided an unprecedented insight into the three-
dimensional, coherent flow structure of a rapidly pitching aerofoil and promise great potential for future
investigations. However, it should be noted that the computational demands for data processing and particularly data
storage currently limit the application of Tomo-PIV as a routine tool. Therefore, future investigations require careful
selection of the flow parameters to optimise the required experimental and numerical effort.
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Abstract

Unsteady aerodynamics in the low Reynolds number
domain is of great importance to the development of Micro
Air Vehicles (MAVs). There exists a deficiency of
information on the nature of the three-dimensionality of
flow over, and in the wake of, pitching aerofoils. The flow
behavior and governing phenomena are not well
understood. This paper extends previous two-dimensional
(2D) work [1] by taking multi-dimensional (3D), multi-
component (3C) measurements using tomographic particle
image velocimetry (Tomo-PIV). The three-component,
three-dimensional (3C-3D) velocity field in the wake of a
flat plate undergoing a pitch-hold-return motion is
investigated. The experiments are conducted in a water
tunnel at a Reynolds number of 7,500 and a dimensionless
pitching rate of K, = 0.93. The focus is on the interaction of
the leading edge vortex in the wake of the pitching plate,
highlighting the three-dimensional organisation of the
vortex structure.

1 Introduction

Studies of high-rate low-Reynolds number unsteady
aerodynamics have previously found interest in areas such
as helicopter dynamic stall, wind turbines, and aircraft
flutter. However, recently the potential to mimic the
mechanism of propulsion of birds and insects has led
researcher to investigate unsteady low Reynolds number
aerodynamics with a view to application in Micro Air
Vehicle (MAV) and Unmanned Air Vehicle (UAV). In the
past, studies of unsteady flows have been motivated in the
main by a desire to avoid or reduce such undesirable effects
as flutter, vibrations and gust response [2]. Although there
is large amount of literature available on these problems,
there remains some disagreement in the applicability of
conventional aerodynamic models and for example, the
relative importance of coherent structures in the dynamics
of these flows. This mainly arises due to the lack of a
unified or canonical problem, which makes it difficult to
assess the merits of a particular computation or accuracy of

an experiment. To overcome this difficulty, a suitable
canonical problem is being investigated - a linear pitch-
hold-return motion of a flat plate with round edges and an
infinite span. At high dimensionless rates and low Reynolds
number, this problem is applicable to MAV’s, as well as
being a ’classical’ problem, in the sense that it can be
comparable to results in literature.

Flow around a flat plate has been extensively studied. At
zero angle of incidence, the wake behind this class of body
assumes a symmetrical time-averaged mean pattern, with
the instantaneous flow characterised by periodic coherent
patterns resulting from vortex shedding [3]. Flow separation
occurs at the leading and trailing edges of the plate, with
two alternating shear layers of equal strength but opposite
sign rolling up into large-scale vortices which are shed into
the wake in the form of a vortex street.

Inclining the plate to the free-stream disturbs this symmetry
[3]. In an early experimental investigation into the effect of
pitch oscillations, it was observed that the oscillation
induced an angle of attack, producing a normal force vector
with fluctuating thrust and lift components depending on
the instantaneous angle of attack [4]. Koochesfahani [5]
also studied the flow around infinite-span airfoils
undergoing pure pitching motion, observing that at least
two asymmetric vortices were produced per pitching cycle,
with vortices shed from the leading edge being more
diffused, and of lower peak vorticity than an equivalent
trailing edge vortex at the same axial location. The
massively separated flow over the upper surface of the
pitching airfoil allows for the production of large transient
peaks of lift at this scale, as described by Parker et al. [4, 6].

This paper builds on the work of Kilany et al. [1, 7] but
extends their stereoscopic 3C-2D flow measurements of this
phenomenon into a three-dimensional volume domain
through the use of tomographic particle image velocimetry
(Tomo-PIV) measurements, providing three-component,
three-dimensional (3C-3D) velocity fields. In this present
work, Tomo-PIV is utilised to extract 3C-3D velocity
vector fields of the coherent structures and the dynamics of
the wake region of a flat plate undergoing transient pitch-
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ramp motion. The experiments were conducted in the
horizontal water tunnel at the Laboratory for Turbulence
Research for Aerospace and Combustion (LTRAC). The
tunnel has 5 test sections, each measuring 500 mm x 500
mm x 1000 mm. The experiments reported here were
conducted in the fourth test section downstream of the
contraction. The turbulence intensity level in the test section
for these experiments is less than 0.1% with a very uniform
mean velocity profile across the width of the test section [4,
6].

A pitching carbon fibre flat plate with rounded leading and
trailing edges, of 100 millimetre chord and of span equal to
that of the 500 millimetre LTRAC water tunnel was pitched
about the half-chord point. The motion sequence used was
identical to that used by Kilany et al. [1, 7]. The transient
ramp-hold-return motion of the flat plate is characterised by
a non-dimensional velocity ratio given by K=c §/2U., where
@ is angular velocity of the flat plate which is kept constant
during each pitch motion in this study. Measurements were
taken at a Reynolds number of Re = 7; 500 and K = 0:93.

The Tomo-PIV technique involved seeding the flow with
small glass spheres and a voluminous region of the wake of
the pitching airfoil was illuminated using a 532nm dual-
cavity New Wave Nd:YAG laser. In contrast to the
measurements taken by Kilany et al. [1, 7], only the wake
of the airfoil is under consideration in this paper. Four PCO
4000 cameras under an angular configuration of + 30° and
1 50° captured the laser scattered from the seeding
particles. By studying the migration of the particles between
images at times close to each other, and comparing between
images from different perspectives, the instantaneous 3C-
3D velocity field in the wake can be measured. The
synchronized double single-exposed image pairs by the four
cameras are acquired in a phase-triggered sense. Allowing
for the phase related spatio-temporal evolution of the 3C-
3D velocity and vorticity fields to be studied. Full details of
the Tomo-PIV method used in this study are described in
Atkinson and Soria [8].

The vortex patterns observed in two dimensions from the
stereo-PIV measurements [7] are expected to, in three
dimensions display three dimensional flow patterns which
affect also the behaviour in two dimensions. Quantitative
data based on the 3C-3D Tomo-PIV measurements
describing the spatio-temporal evolution of these
phenomena will be presented and discussed.

2 Principle of Tomo-PIV

Tomo-PIV is a technique allowing reconstruction of a full
3C-3D instantaneous velocity field and in doing so thus also
yields all nine components of the velocity gradient tensor.
The process involves reconstruction from three or more
camera views (in this case, four) of an illuminated volume
in a seeded flow. Triangulating the intensity distributions
recorded by each camera allows individual particles to be
located in three-dimensional space, a process carried out by
the multiple line of sight - simultaneous multiplicative

algebraic reconstruction technique (MLOS-SMART)
algorithm [8]. This algorithm significantly shortens the
reconstruction time over the currently ubiquitous
Multiplicative ~ Algebraic ~ Reconstruction  Technique
(MART) algorithm by excluding voxels containing zero
return intensity, demonstrated by Figure (1).

Figure 1:  Schematic of the MART technique.

It has been shown that 10-15 particles per interrogation
region is sufficient for obtaining a valid displacement
vector estimate [9]. The volume fraction of voxels with
significant intensity within the reconstruction volume will
therefore typically be of the order of only 5%, meaning that
approximately 95% of the reconstructed volume will have a
negligible intensity and can be excluded from the
reconstruction process. (Atkinson and Soria [8] contains
details of the algorithm). Following the volume
reconstruction, the 3D particle intensity fields are evaluated
with a 3D spatial cross-correlation routine [10] to determine
the instantaneous 3C-3D velocity fields.

3 Experimental Conditions

3.1 Apparatus

The Monash University horizontal water tunnel facility
operated by the Laboratory for Turbulence Research in
Aerospace and Combustion (LTRAC) was used for the
experiments. The tunnel consists of a 5000mm test section
with a 500mm x 500mm square cross-section. The
freestream turbulence level is less than 0.1% [6]. The
experiments are conducted at approximately the centreline
of the tunnel. A carbon fibre flat plate, dimensionally
similar to that used by Ol [11], with rounded edges, chord
length 100mm, span 470mm and thickness of 2.3mm is
used for the current experimental investigation.

The vertically mounted flat plate is driven by a Rorze
stepper motor (figure (3)) with a drive resolution of 80,000
steps per revolution to pitch around the half chord point.
Control is provided via an in-house Motion Architect
AT6400 multi-axis motor controller program. Figure (2)
gives an overview of the experimental setup.
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Figure 2:  Schematic of the optical arrangement
showing the 5 digital cameras, viewing prisms,
measurement volume and flat plate geometry

30°

Figure 3:  Camera setup and pitching mechanism.

3.2 Pitching Plate Motion Profile

The pitching motion undergone by the plate requires that
each cycle the pitch angle changes linearly to a maximum
angle of 6=40°, and returns to its zero position after a pause
of 0.05 t/T. The entire cycle is completed over a period of
T=1second, and then is repeated after a hold period of 20
time periods to allow for flow disturbances to convect
downstream. The pitch angle trace of this pitch-hold-return
motion is shown in Figure (4).

Figure 4:  Pitching plate motion profile

The rate at which the plate pitches can be characterised by
the non-dimensional velocity ratio (equation 1)

_¢co "
© 2,
where @ is the steady angular velocity of the flat plate, U,
the free-stream velocity and ¢ the chord length. A summary
of the current experimental parameters, which are identical
to those used in previous stereoscopic PIV experiments by
Kilany et al. [1], is given in Table (1).

Table 1: Experimental Parameters

Parameter Value
C 100mm
U, 75mm/s
0 0-40°
Re. 7,500
Kc 0.93

3.3 Optical Arrangement

The imaging equipment consists of five PC0.4000 digital
CCD cameras mounted co-radially about an arc at angles of
0°, 30°and 50° (as in Figure (2)). Each camera is equipped
with a 105mm focal length lens. As the image plane and
subject plane are not parallel, the Scheimpflug condition is
invoked to correct the image focus gradient and water filled
glass prisms are used to reduce optical refraction effects at
the tunnel wall. The cameras are calibrated using the
method described by Soloff et al. [12] through a thickness
of 12mm, and a maximum calibration error of between 1
and 2 pixels is achieved by applying self calibration [13] for
refinement. A comprehensive list of the optical and PIV
parameters is included in Table (2).

Table 2: Optical and PIV Parameters

Parameter Quantity
Tomo-PIV Cameras 4008x2672px’, 16 bit
Setup 0,* 30, * 50deg
Laser Nd:YAG, 240mJ
Flow Seeding 54um nylon spheres
(p=1.01g/cm®)
Imaging Magnification 0.26
Properties Resolution 25 px/mm
FoV (Sxx Sy x Sz)  3500x2250x350 px*
130 x 90 x 14 mm®
1.3x0.9x0.14c
Lens Aperture (f#) 11
Particle image N
diameter ~2.3px
Depth of Field ~12mm
Separation time 6ms

Avg. Displacement 12px




The seeded flow (54pum nylon spheres, p = 1.01 g/lcm®) is
illuminated using a 240mJ pulsed, dual-cavity Nd:YAG
laser. It is focused into a thick light sheet which is truncated
through a slit to yield a 12mm thick light sheet with well
defined boundaries. The light sheet is aligned lengthwise
through the test section of the tunnel, from the downstream
direction. The double-shutter exposure delay of 6ms is set
to give a freestream average particle displacement of 12
pixels (0.48mm).

4 Data Processing and Analysis

Image preprocessing is required to reduce reconstruction
times and provide a more accurate reconstruction. The
background intensity is removed, thus increasing the
proportion of zero voxels, to take full advantage of the
MLOS-SMART algorithm. After background subtraction,
band-pass filtering and then Gaussian smoothing are
applied to equalize the particle intensities across the image
and between cameras.

The MLOS-SMART technique was implemented with 10
iterative corrections, and an initial solution and relaxation
parameter of unity. The particle intensity reconstruction
volume is 3500 x 2250 x 350 pixel® (Table (2)). The
reconstructed volumes are cross correlated using an in-
house developed multi-grid multi-pass FFT-based cross-
correlation algorithm [10] to render the 3C-3D velocity
field. An interrogation volume size of 64° voxels
(=2.56mm?) with 50% overlap are used to provide velocity
fields of 96 x 65 x 9 vectors.

Vector validation is applied in the form of a normalised
local median filter [14] and a maximum displacement
constraint. Invalid vectors (approx 2-10% of total) are
replaced via a mean vector interpolation. Noisy fluctuations
in the velocity gradients are suppressed by filtration with a
3 x 3 x 3 Gaussian kernel (c = 1) [15, 16]. The spatial
frequency response remains unaffected due to the equal size
of the filter kernel and interrogation window.

5 Results and Discussion

5.1 Flow topology and Spanwise Velocity

Previous studies [1, 7, 11, 17] have shown the two
dimensional flow topology to be expected about a pitching
plate. This section addresses, not the two-dimensional flow
pattern, but the spanwise flow associated with it. It can
readily be observed that regions of high vorticity are
accompanied by associated spanwise velocity components,
and also high gradients of such. This could be indicative of
the presence of vortex stretching as described in [18].

The plots of the root mean square (RMS) of the
instantaneous spanwise velocity components (Figure (5))
give an indication of the unsteady nature of the flow in the
vortex regions and provide insight into the expected
magnitude of the spanwise components. Not only are there
coherent spanwise velocities, due to vortex stretching, but
the amount of variation suggests smaller substructures are

at play, including vortex filaments unaligned with the z-
axis. This is discussed in more depth in Buchner, et. al.
[19].

Of note here is the sequence from t=2.5T to t=3.5T showing
the leading edge vortex (LEV) moving into the field of
view. The plot relating to the timestep t=3.5T shows
another feature which becomes apparent from the RMS
plot, an arcing region of spanwise velocity encompassing
the upstream portion of the LEV. This region is weaker than
those components seen in the vortex core but is coherently
defined and suggests a mechanism for spanwise flow
separate from the LEV. This is investigated further in later
sections.

5.2 Instantaneous Spanwise Flow Patterns

Looking again at the spanwise flow structures in the leading
edge vortex, now in an instantaneous sense, more
information comes to light. Figure (6) shows the
instantaneous spanwise velocities for three timesteps as the
LEV convects into the field of view. The black contour
lines are lines of constant spanwise velocity (w), and
illustrate the true three-dimensional nature of this
‘nominally' two-dimensional experiment. The dashed lines
represent negative (into page) velocity. They are spaced at
intervals of w = 5mm/s.

More detailed discussion on the trailing edge vortices is
contained in Buchner, et. al. [19], but here the spanwise
substructures within the LEV as it convects downstream of
the trailing edge are explored. During the pitching motion
cycle the maximum spanwise component of velocity to be
expected has been found to be of the order of 10% of the
stream velocity [19]. Figure (6a) shows an instantaneous
flowfield at t = 2.5T. The leading edge vortex has begun to
move into the field of view and, associated with it, are
strong spanwise velocity gradients. Most of the region
within the leading edge vortex core displays strong
spanwise flow, which peaks at approximately 85% of the
freestream velocity. It is interesting to note that with phase
averaging these regions of strong spanwise flow tend to
cancel and so it is observed that the spanwise velocity is not
of constant sign over a number of phases. This is the reason
for using RMS in the previous section rather than phase
averaging.

The spanwise flow within the LEV seems to be more
strongly directional than that seen in the trailing edge
vortices. The TEV spanwise flow tends to form couplets of
opposing sign spanwise flow indicating small areas of
unaligned with the z-axis.
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Figure 5:  Contour maps of spanwise velocity RMS. (a) t=0.24T; (b) t=0.47T; (c) t=0.77T; (d) t=1.00T; (e) t=1.50T; (f)
t=2.00T; (g) t=2.50T; (h) t=3.00T; (i) t=3.50T.



The plots of instantaneous spanwise velocity contours
confirm the existence of a structure separate to the LEV
causing spanwise velocity (Figure (6¢)). In addition to the
strong spanwise velocity in the core of the LEV, a small
region of weak spanwise velocity is formed just below the
LEV. This region is associated with a vortex of opposite
sign to the LEV shedding from the trailing edge as a result
of the passage of the LEV. More importantly, a long, arcing
structure is observed upstream, consisting of two lines of
opposite direction spanwise velocity. This confirms the
RMS results from section 5.1 and appears to indicate the
presence of a distinct vortex filament lying along this path.
It should be noted that this feature does not appear in every
instantaneous velocity field, but presumably arises from
instabilities in the flow separation and occurs in random
positions along the span of the plate.

5.3 Structure of the Leading Edge Vortex

Figures (7a-c) show instantaneous isosurfaces of the
Q-criterion and are shaded by spanwise velocity. The three
figures demonstrate the evolution of the LEV topology
downstream of the trailing edge. Figure (7a) has the LEV
moving into the field of view and the Karman Street from
the trailing edge can be clearly seen also. Figure (7b) shows
the LEV continue to move into frame whilst the spanwise

components of velocity intensify. The effect of the LEV on
the trailing edge Karman Street is now readily apparent.

The next time step (figure (7c)) presents some interesting
insight into the flow behavior. At t = 3.5T the LEV has
moved fully into the field of view. There are also two
regions of vorticity to the left of the figure, as indicated by
the Q criterion isosurfaces. These correspond with the
features described in the previous sections, relating to
spanwise flow structures in these positions in figures (5i)
and (6¢). The one nearest the LEV is a region of vorticity
opposite in sign to the LEV, shed from the trailing edge in
response to the passage of the LEV. The left-most structure
is however more interesting. It is a vortex filament not
aligned with the z-axis, but rather being stretched
tangentially about the LEV.

This type of structure has been previously observed
computationally in Garmann and Visbal [20]. It finds that,
accompanying leading edge vortex separation from the
upper surface of a pitching plate, is a tendency for the flow
to form complicated streamwise vortex tendrils. These can
be seen forming at ==3-4 in figure (8). Figure (7c) can now
provide supporting experimental evidence for this
phenomenon.

.75

o5 0.7

(@)
Figure 6:

(b)
Instantaneous spanwise velocity components (a) t=2.5T; (b) t=3.0T; (c) t=3.5T.
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Instantaneous 3C-3D flowfields showing isosurfaces of Q criterion, shaded by spanwise velocity. (a) t=2.50T;

(b) t=3.00T; (c) t=3.50T.
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Figure 8:  LES numerical data taken from Garmann
and Visbal [20] illustrating 3D flow topology

6 Concluding Remarks

Although the two-dimensional flow over a pitching plate
has been studied extensively, little is known about the three
dimensional behavior of such a flow. Recent computational
work [20] has shown that complicated interactions in the
flow cause the formation of streamwise vortex filaments
even in a nominally two-dimensional case. There is
however very little experimental data which could be used
to verify these results.

The application of Tomographic PIV allows instantaneous
realization of a flowfield over a three-dimensional domain
and thus provides an opportunity to investigate the

aforementioned structures experimentally and provide
supporting evidence for any computational work.

The study carried out in this paper provides evidence for the
structures shown to exist in Garmann and Visbal [20]. In
addition, significant spanwise flows have been observed
within the leading and trailing edge vortices shed from a
pitching plate in low Reynolds flow. Though in each
instantaneous realization the spanwise velocity components
in any particular vortex tend to favour one direction,
indicating vortex stretching, this direction is non-constant
over a number of cycles. For this reason, a phase average
will not yield insight into the spanwise flow. Instead, the
root mean square was taken to quantify the distribution of
spanwise velocity magnitude. Spanwise velocity was found
to peak in the leading edge vortex at a magnitude
approaching that of the freestream.

Of interest is the variation in spanwise velocity within each
vortex structure. In many cases it is observed that spanwise
flow tends to form in small couplets with regions of
spanwise flow in the opposite direction, a trend which
strengthens as the trailing edge vortices convect
downstream and become more disparate [19]. This
phenomenon suggests the presence of small vortex
filaments unaligned with the z-axis.
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Abstract

Unsteady aerodynamics in the low Reynolds number domain is
of great importance to the development of Micro Air Vehicles
(MAVs). The low Re flow over, and in the wake of, pitch-
ing aerofoils is not well understood. This paper extends previ-
ous work [11] to multi-dimensional (3D), multi-component (3C)
measurements of this phenomenon by using Tomographic Parti-
cle Image Velocimetry (Tomo-PIV). The three-component, three-
dimensional (3C-3D) velocity fields in the wake of a flat plate
undergoing a pitch-hold-return motion is investigated. The ex-
periments are conducted in a water tunnel at a Reynolds number
of 7,500 and a dimensionless pitching rate of Kc = 0.93. The evo-
lution of the trailing edge vortices is investigated, highlighting the
three-dimensional organisation of the coherent vortex structure.

Introduction

This paper presents the results of an experimental investigation
into the low Reynolds number flow in the wake of a rapidly
pitching flat plate with rounded leading and trailing edges. By
applying tomographic PIV to a canonical pitch-hold-return prob-
lem, the three dimensional topological evolution of the wake can
be studied in the context of already existing two-dimensional
data. Understanding of the nature of such flows has application
in the design of biomimetic inspired micro air vehicles (MAVs)
and builds upon the more traditional work done in unsteady and
transient flows over foils which has in the past been mainly fo-
cussed on the higher Reynolds number regime with application
to dynamic stall, manouvre and gust response. Previous work
[1, 16, 22, 6] has concluded that at low Reynolds it becomes nec-
essary to use separation induced leading edge vortices in the pro-
duction of lift and thrust. By combining pitching and heaving
motions the desired vortices, and hence forces, can thus be pro-
duced.

Conventional aerodynamic models do not easily account for the
phenomena observed in low Reynolds number transient flows,
and only basic knowledge of the physics involved exists at this
time. Early experiments investigating the effect of time varying
pitching motion reported the production of a normal force vector
with fluctuating thrust and lift components depending on the in-
stantaneous angle of attack [1]. More recent studies by Eldredge
et. al. [6] have investigated the sensitivity of leading and trailing
edge vortex structures to variations in pitch pivot point, and pitch
rate. The former was found to have a significant effect mainly
on the formation of the leading edge vortex and its size while the
latter tends to produce a tighter leading edge vortex if increased.
For higher dimensionless pitch rates, a counter-rotating vortex
pair dominates the trailing edge vortex structure whilst at lower
rates the flow field tends to exhibit a stream of smaller vortices
with less domination by any particular structures. Both the trail
of smaller vortices, and the larger counter-rotating pair were also
observed in the stereoscopic PIV investigation of Kilany et.al.
[11]. Under these conditions the leading edge vortex has a ten-
dency to be more diffused and of lower peak vorticity than an
equivalent vortex produced at the trailing edge at the same axial
location [12]. The current set of results correlates well with those
already published on 2D data, whilst extending the work to look
more in-depth at the 3D effects expected within the vortical wake
structures.

Principle of Tomographic PIV

The tomographic PIV technique allows the reconstruction of a
3C-3D velocity field, and thus also yields all nine components
of the velocity gradient tensor. A volume of the seeded flow
is illuminated by means of a thick light sheet, and the inten-
sity distribution is recorded by three or more cameras (in this
case, four). Triangulating the intensity distributions recorded by
each camera allows individual particles to be located in three-
dimensional space, a process is carried out by the Multiple Line
of Sight Simultaneous Multiplicative Algebraic Reconstruction
Technique (MLOS-SMART) algorithm [3]. The use of this al-
gorthim significantly speeds up the reconstruction process when
compared with the currently ubiquitous Multiplicative Algebraic
Reconstruction Technique (MART) algorithm by excluding vox-
els containing zero return intensity. In the same manner as for
planar or stereoscopic PIV, the intensity distribution is segmented
into interrogation windows, or volumes in the three-dimensional
tomographic case, and cross correlated to determine the 3C-3D
velocity field.

Proposed by Atkinson and Soria [3], the MLOS-SMART algo-
rithm significantly reduces the computation cost of 3C-3D ve-
locity field reconstruction. The volume fraction of voxels with
significant intensity within the reconstruction volume will typi-
cally be of the order of only 5% as it has been shown that 10-
15 particles per interrogation region is sufficient for obtaining a
valid displacement vector estimate [10]. This means that approx-
imately 95% of the reconstructed volume will have a negligible
intensity and can be excluded from the reconstruction process,
thus reducing computational and data storage requirements (see
Atkinson and Soria [3] for more details). Following the volume
reconstruction, the 3D particle intensity fields are evaluated with
a 3D spatial cross-correlation routine [25] to determine the in-
stantaneous 3C-3D velocity fields.

Experimental Conditions

Apparatus

The Monash University horizontal water tunnel facility operated
by the Laboratory for Turbulence Research in Aerospace and
Combustion (LTRAC) was used for these experiments. The tun-
nel has a long, 5000mm, test section with a 500mm x 500mm
square cross-section. The freestream turbulence level is less than
0.5%, and the velocity profiles are uniform over the test section
by 4000mm from the contraction [16]. This is where the ex-
periments are conducted, at approximately the centreline of the
tunnel. A carbon fibre flat plate, dimensionally similar to that
used by Ol [14], with rounded edges, chord length 100mm, span
470mm and thickness of 2.3mm is used for the current experi-
mental investigation.

Figure (1c) gives an overview of the experimental setup. The
vertically mounted flat plate is driven by a Rorze stepper motor
(figure (1b)) with a drive resolution of 80,000 steps per revolution
to pitch around the half chord point. The stepper motor is con-
trolled by an in-house program for a Motion Architect AT6400
multi-axis motor controller.

Optical Arrangement

The imaging equipment consists of five PC0O.4000 digital CCD
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Figure 1: Experimental Setup: (a-b) Details of the camera setup
and pitching mechanism; (c) Schematic of the optical arrange-
ment showing the 5 digital cameras, viewing prisms, measure-
ment volume and flat plate geometry.

cameras mounted co-radially about an arc at angles of 0, 30 and
50 (as in Figure (1c)). Each camera is equipped with a 105mm fo-
cal length lens. Optical refraction effects are minimised through
the use of water filled glass prisms. As the image plane and sub-
ject plane are not parallel, the Scheimpflug condition is invoked
to correct the image focus gradient. The cameras are calibrated
using the method described by Soloff et al. [23] through a thick-
ness of 12mm and the resulting calibration error of approximately
10 pixels is reduced via self calibration [27] to between 1-2 pixel.
A more detailed description of the tomographic PIV parameters
is given in Table (1).

A 240m] pulsed, dual-cavity Nd:YAG laser is used to illuminate
the seeded flow (54m nylon spheres, p = 1.01 g/cm3). It is fo-
cussed into a thick light sheet which is truncated through a slit
to yeild a 12mm thick light sheet with well defined boundaries.
The lightsheet is shone lengthwise through the test section of the
tunnel, from the downstream direction. The double-shutter expo-
sure delay of 6ms is set to give a freestream average particle dis-
placement of 12 pixel (0.48mm). The thick laser sheet minimises
through-plane velocity reconstruction errors as less particles are
lost or gained to the lightsheet during the eposure delay.

Pitching Plate Motion Profile

Each cycle, the plate pitches linearly to a maximum angle of 8 =
40, holds for 0.05 t/T, and returns to its zero position. This is
repeated after a pause of 20 time periods (T = 1sec). The transient
pitch-hold-return motion of the flat plate is shown in Figure (2)
and characterised by the non-dimensional velocity ratio:

)

K= —
“7 2.
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where 6 is the constant angular velocity of the flat plate, Us. the
free-stream velocity and ¢ the chord length. The Reynolds num-

Table 1: Parameters of the Tomo-PIV system

Parameter Value
c 100mm
Uso 75mm/s
0 0—40deg
Re 7,500
K. 0.93

Table 2: Experimental parameters

ber is defined as Re = # A summary of the current experi-
mental parameters, which are identical to those used in previous
stereoscopic PIV experiments by Kilany et al. [11], is given in

Table (2).

Data Processing and Analysis

To take full advantage of the MLOS-SMART algorithm, it is de-
sired that the background intensity is removed to increase the
number of zero-voxels. Background subtraction, band-pass fil-
tering and then Gaussian smoothing are applied to help equal-
ize the particle intensities across the image and between cam-
eras. Volume reconstruction is performed with 10 iterative cor-
rections of the MLOS-SMART technique and an initial solu-
tion and relaxation parameter of unity. The volume over which
the particle intensities are reconstructed and cross-correlated is
3500 x 2250 x 350pixel? (table (1)).

The velocity fields are calculated with an in-house developed
multigrid multi-pass FFT-based cross-correlation algorithm [25].
Interrogation volumes of 643 voxels (= 2.56mm) with 50% over-
lap are used to provide fields of 98 x 65 x 9 vectors. A normalised
local median filter [26] and a maximum displacement constraint
are used to validate vectors and a maximum displacement limit.

Figure 2: Measured pitch angle of the flat plate as a function
of t/T, with flowfield acquisition points marked. (a) t/T = 0.24,
(b) t/T =047, (c) t/T=0.77, () t/T=1.0, (e) /T =15, () /T =
2.5 with T = 1sec.
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Figure 3: Instantaneous 3C-3D spanwise vorticity and spanwise velocity fields: (a) t/T = 0.24, (b) t/T = 0.47, (c) YT =0.77, (d) /T =

1.0, (e) /T = 1.5, () T = 2.5.

Invalid vectors (approx 2% of total) are replaced via a mean vec-
tor interpolation. For visual representation of the data, the ve-
locity fields are filtered with a 3 x 3 x 3 Gaussian kernel (¢ = 1)
to suppress noise fluctuations in the velocity gradients [20, 29].
As the filter kernel is equal to the interrogation window size, the
spatial frequency response remains unaffected.

Results and Discussion

The instantaneous flowfields in figure (3) demonstrate the instan-
taneous flow structure in the wake of the pitching plate. Signif-
icant regions of circulation are shed during both the pitch, and
reverse, motions and convect downstream at roughly the velocity
of the freestream. These regions are indicated in the figure by
blue and red shading, denoting vorticity of opposing sign. The
overlaid black contour lines are lines of constant spanwise ve-
locity (w), and illustrate the true three-dimensional nature of this
’nominally’ two-dimensional experiment. The dashed lines rep-
resent negative (into page) velocity. They are spaced at intervals
of w=2mm/s.

At t/T = 0.24 (figure (3a)), circulation has begun to be produced
by the angular acceleration from a standstill of the plate trail-
ing edge. The circulation produced convects downstream and
is replaced by circulation of the opposite sign produced by the
plate as it pitches back to its resting position. The evolution of
these vortex structures as they move away from the trailing edge
is complex. In the phase averages, it is clear that what are initially
well structured strings of vortex filaments begin to coalesce into
more disparate counter-rotating vortex pairs as they move down-
stream. Though the length of this paper prohibits the publication
of phase averaged plots, this effect can be seen quite clearly in the
evolution of the instantaneous fields from figure (3c-d) to figure
(3e). The topology of these flows compares well with previously
published data [11, 14]. The leading edge vortex does not enter
the field of view until approximately t/T = 2.5. This vortex is of

significantly larger size than the vortices produced at the trailing
edge.

It can readily be observed that regions of high vorticity are ac-
companied by associated spanwise velocity components, and also
high gradients of such. This could be indicative of the presence
of vortex stretching as described in [18]. The spanwise velocities
are apparent right from the point of circulation production, at the
trailing edge, but become more concentrated with time and con-
vection downstream until the magnitude of spanwise flow drops
off by t = 1.5T. During the pitching motion cycle the maximum
spanwise component to be expected is of the order of 10% of the
stream velocity. Figure (3f) shows an instantaneous flowfield at
t = 2.5T. The leading edge vortex has begun to move into the
field of view and, associated with it, are strong spanwise veloc-
ity gradients. Most of the region within the leading edge vortex
core displays strong spanwise flow, which peaks at approximately
85% of the freestream velocity. It is interesting to note that with
phase averaging these regions of strong spanwise flow tend to
cancel and so it is observed that the spanwise velocity is not of
constant sign over a number of phases.

Concluding remarks

Investigations to date such as Parker et. al. [15] show the
three-dimensionality of flows past a finite span pitching aerofoil,
but fail to address the existence of three-dimensional structures
within the unsteady vortex sheet produced by a nominally infi-
nite oscillating aerofoil. In employing tomographic PIV tech-
niques to this problem, these flows were shown to contain signif-
icant spanwise axial flow components indicative of the presence
of vortex stretching, as described in Petitjeans and Wesfried [18].
The 3C-3D flow fields provided by the tomographic PIV methods
in the present study show this phenomenon qualitatively as well
as quantitatively, and provide the basis for further investigations
into the substructure of the vortex filaments.
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